Temperature-sensitive (ts) mutants of Sindbis virus belonging to complementation group F, ts6, tsllO, and ts118, are defective in RNA synthesis at the nonpermissive temperature. cDNA clones of these group F mutants, as well as of ts+ revertants, have been constructed. To assign the ts phenotype to a specific region in the viral genome, restriction fragments from the mutant cDNA clones were used to replace the corresponding regions of the full-length clone Totol101 of Sindbis virus. These hybrid plasmids were transcribed in vitro by SP6 RNA polymerase to produce infectious transcripts, and the virus recovered was tested for temperature sensitivity. After the ts lesion of each mutant was mapped to a specific region of 400 to 800 nucleotides by this approach, this region of the cDNA clones of both the ts mutant and ts+ revertants was sequenced in order to determine the precise nucleotide change and amino acid substitution responsible for each mutation. Rescued mutants, which have a uniform background except for one or two defined changes, were examined for viral RNA synthesis and complementation to show that the phenotypes observed were the result of the mutations mapped. ts6 and tsllO had a single base substitution in nsP4, resulting in replacement of Gly by Glu at position 153 or position 324, respectively. It is of interest that nsP4 contains the Gly-Asp-Asp motif characteristic of a number of viral replicases, and this, together with the fact that all RNA synthesis in ts6-infected cells and, to a lesser extent, in tsllO-infected cells shut off when the cells were shifted from a permissive to a nonpermissive temperature, suggests that nsP4 is the virus polymerase. ts118 was a double mutant. It contained a single base substitution in nsP2, resulting in replacement of Val by Ala at position 425 that resulted in the formation of minute plaques, but not in a reduction in the plaque number at the nonpermissive condition. The second change, a substitution of Gln by Arg in ts118 at residue 93 in nsP4, had little apparent phenotype on its own, but in combination with the change in nsP2 led to a ts phenotype. Thus, in each case the mutation responsible for the temperature sensitivity of the three known complementation group F mutants lay in nsP4. In addition, the result with tsll8 suggests that nsP2 and nsP4 may interact with each other in a complex.
Sindbis virus is a well-studied member of the alphavirus family. Its genome is a single molecule of plus-strand RNA 11,703 nucleotides in length that is capped at the 5' end and polyadenylated at the 3' end (35) . During replication, the parental 49S plus-strand RNA is transcribed into a complementary minus strand which serves as a template for the synthesis of both 49S plus-strand genomic RNA and a 26S subgenomic RNA. Nonstructural polypeptides are translated from the genomic 49S RNA as two polyprotein precursors that are processed by cotranslational or posttranslational cleavage into four nonstructural proteins, called nsPl, nsP2, nsP3, and nsP4, which are required for RNA replication (11) . Three structural polypeptides are produced by processing of a polyprotein precursor translated from the subgenomic 26S mRNA.
Large numbers of temperature-sensitive (ts) mutants of the HR strain of Sindbis virus have been isolated and characterized (3, 30, 34) . Mutants may be defective in RNA replication (RNA-mutants) or in the production of the structural proteins (RNA' mutants) and have been grouped by complementation into four RNA-groups (A, B, F, and G) and three RNA' groups (C, D, and E) (4, 30) . Representative mutant-revertant pairs from RNA' groups have been analyzed by sequence analysis, and there is an excellent correlation between specific nucleotide changes and phenotypes (1, 10, 15) . None of the RNA-mutant defects * Corresponding author.
has been rigorously assigned to specific nonstructural proteins or RNA sequences. These mutants presumably contain ts lesions in the viral nonstructural proteins which function to replicate viral RNA.
A full-length cDNA clone of Sindbis virus has been constructed that can be transcribed in vitro by SP6 RNA polymerase to produce infectious full-length transcripts (22) . Viruses produced from in vitro transcripts are identical to Sindbis virus and show strain-specific phenotypes reflecting the source of RNA used for cDNA synthesis (17, 22) . This full-length clone can be used to study interesting phenotypes of Sindbis virus.
We have used this approach to define precisely the mutations responsible for the ts phenotypes of Sindbis virus complementation group F mutants. Mutants ts6, tsllO, and tsll8 of complementation group F are defective in RNA synthesis at the nonpermissive temperature. The best-characterized member, ts6, ceases all viral RNA synthesis after a shift from permissive to nonpermissive conditions, and it has been postulated that ts6 has a defect in the elongation activity of the replicase (2, 14, 26) . cDNA clones of these mutants, as well as of ts+ revertants, have been constructed, and restriction fragments from the mutant cDNA clones were used to replace the corresponding regions of a fulllength clone of Sindbis virus. These plasmids were transcribed in vitro by SP6 RNA polymerase to produce infectious transcripts, which were then tested for ts phenotype. The viruses recovered from these transcripts have been SINDBIS VIRUS GROUP F ts MUTANTS 1195 characterized. Together with sequence analysis of the cDNA clones, these experiments have defined the mutations responsible for the group F mutants.
MATERIALS AND METHODS
Virus stocks, growth, and purification. Mutant ts6, obtained originally from B. Burge, was isolated from the HR strain of Sindbis virus following mutagenesis with nitrosoguanidine (3). Mutants tsllO and sll8 were isolated from a small-plaque strain of HR Sindbis virus following mutagenesis with nitrous acid (30) . Revertants were isolated by plaquing mutant stocks at 30 and 40°C. A single virus plaque of a ts+ revertant was picked from the 40°C plate, and the virus was eluted into 1 ml of Eagle medium containing 5% fetal calf serum. This revertant plaque was used to infect primary chicken cells at 40°C, and the resulting stocks, following plaque assay at 30 and 40°C, were used as infecting stocks for RNA preparation. Viruses were grown in primary or secondary chicken embryo fibroblasts and harvested 10 to 20 h after infection, depending on the mutant. Mutants and revertants were grown at 30 or 40°C, respectively. Viral RNA was isolated as described before (24) .
cDNA cloning. cDNA synthesis for ts6, tsllO, and tsll8, as well as for their revertants, followed the procedure of Okayama and Berg (20) In vitro transcription and transfection. RNA transcripts were synthesized in vitro with SP6 RNA polymerase, using supercoiled plasmid template or plasmid DNA digested with the appropriate restriction endonuclease for the production of runoff transcripts, as described previously (22 (ts), Partially ts, in that plaque size but not plaque number is reduced at 40°C. restriction fragments in the Sindbis virus cDNA clone TotollO1, from which infectious RNA can be transcribed in vitro with SP6 RNA polymerase (22) , were replaced with cDNA from a mutant or its revertant. In this figure, the restriction sites used to construct the hybrid genomes and their numbering from the 5' end of the RNA (33) are also shown. The genomic region encoding the nonstructural proteins was first divided into three large nonoverlapping regions, A, B, and C, for gross mapping. For fine mapping, regions B and C were each subdivided into three overlapping regions (Bi, B2, and B3 and Cl, C2, and C3). The 5' 444 nt and the 3' 265 nt of the coding region for the nonstructural proteins, which were not covered by hybrid genome constructions, were sequenced in each case to ensure that no changes had occurred within these regions.
RNA was transcribed in vitro from the recombinant plasmids with SP6 RNA polymerase and transfected onto monolayers of chicken cells. Monolayers were incubated under agarose at 30 or 40°C to determine whether the virus recovered in each case was temperature sensitive.
Localization of the mutations in ts6, tsllO, and tsll8. The results obtained with the constructs tested are summarized in Table 1 . For ts6, of the three large interval replacement clones (Toto:ts6A, Toto:ts6B, and Toto:ts6C) tested, plasmids Toto:ts6A and Toto:ts6B gave rise to virus that exhibited wild-type growth at the nonpermissive temperature, while ts virus was obtained from plasmid Toto:ts6C. This localized the ts mutation to the interval nt5262 to nt7334 of the genome. Plasmids Toto:ts6Cl, Toto:ts6C2, and Toto: ts6C3, containing three smaller intervals in the C region, were then constructed and tested. Plasmids Toto:ts6Cl and Toto:ts6C2 gave rise to ts virus, whereas Toto:ts6C3 did not ( Table 1) . Thus, ts6 has one or more mutations in the region between SpeI (nt5262) and HpaI (nt6919); if only a single mutation is involved, it must lie in the region of overlap of Cl and C2, between PstI (nt5824) and HindIII (nt6267), which is located near the N terminus of nsP4.
For tsllO, virus recovered from plasmid Toto:tsllOC was ts, whereas virus from Toto:tsllOA and Toto:tsllOB was not. Plasmids Toto:tsllOCl, Toto:tsllOC2, and Toto: tsllOC3 were then constructed and tested for fine mapping of the interval region C of tsllO. ts viruses were obtained from recombinant plasmids Toto:tsllOC2 and Toto:tsllOC3, whereas plasmid Toto:tsllOCl gave rise to wild-type virus. From this we conclude that tsllO has one or more mutations in the region between nt5824 and nt7334 of the genome and that if a single mutation is involved, it must lie between nt6461 and nt6919 of the genome. This region is also in nsP4.
Mapping of tsll8 suggested that it was a double mutant in which one mutation was located in the nsP4 region, as was the case for ts6 and tsllO, and the second mutation was in a different region. Viruses from plasmids Toto:tsll8A and Toto:tsll8C were apparently wild type, whereas that from plasmid Toto:tsll8B was partially ts (Tables 1 and 2 ). This partial temperature sensitivity manifested itself as a change in plaque size from small plaques at 30°C to minute plaques at 40°C, although the number of plaques at 30 and 40°C were the same. RNA synthesis at 40°C was reduced relative to that in TotollOl virus (Table 2 ). When construct Toto: tsll8BC was tested, the virus once again formed small plaques at 30°C, whereas at 40°C minute plaques were formed, with the plaque number being reduced by 4 orders of magnitude (Table 2) , as was the case for the parental tsll8. Furthermore, RNA synthesis at 40°C was reduced to very low levels (Table 2) . Thus, we conclude that tsll8 is a double mutant in which a mutation in the B region results in formation of minute plaques at 40°C but no change in plaque number and a second mutation in the C region, although having little apparent phenotype on its own, when combined with the change in the B region, results in red4ction of plaque number (thus being scored as ts in plaque assays).
Fine mapping of the two tsll8 mutations was done by constructing Toto:tsll8Bl, -B2, and -B3 (Fig. 1) , and the change responsible for formation of minute plaques at 40°C mapped to region Bi (Table 1) . Similarly, the change in the C region that, when combined with the B region change, 
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ValI-_ Ala resulted in reduction in plaque count was mapped to the region of overlap in Cl and C2 between nt5824 and nt6267.
Sequence analysis of ts6, tsllO, and tsll8 and their revertants. In order to define the ts lesions of ts6, tsllO, and tsll8, regions shown by the mapping experiments to contain the ts lesions were sequenced by the chemical method of Maxam and Gilbert (19) as modified by Smith and Calvo (29) , with cDNA clones of mutants as well as of their revertants. The sequences obtained are shown in Fig. 2. ts6 had a single base substitution in the region sequenced. Comparing the ts6 sequence with that of its revertant, and from the results in Table 1 , we found that the mutation responsible for temperature sensitivity in ts6 was a change of G to A at nt6226, which led to the replacement of Gly (GGG) at position 153 of nsP4 by Glu (GAG). In the revertant, the changed nucleotide reverted to the original nucleotide, restoring the parental amino acid. tsllO also had only one change throughout the sequenced region. The change was G to A at nt6739, resulting in the change of Gly (GGG) to Glu (GAG) at position 324 of nsP4. In the tsllO revertant, this nucleotide reverted to the original nucleotide.
tsll8 had a single base substitution in the region between nt2713 and nt3546. The change was U to C at nt2953, resulting in the change from Val (GUG) to Ala (GCG) at position 425 of nsP2. As discussed earlier, this change resulted in reduction in plaque size but not number at 40°C. In the tsll8 revertant, this nucleotide reverted to the original nucleotide.
The second change in ts118 was found to be a change of A to G at position 6046, resulting in a Gln to Arg substitution at position 93 of nsP4. This change, combined with the change in nsP2, rendered the virus ts in that plaque number as well as plaque size were reduced at 40°C. The revertant selected, tsll8R, retained the change in nsP4, which, as noted earlier, had little apparent phenotype on its own. An additional construct was made and tested in order to show that this change was in fact responsible in part for temperature sensitivity. The tsll8R C region was combined with Toto: tsll8B to produce Toto:tsll8BC*, which upon assay was ts, forming tiny plaques at 40°C in reduced numbers ( Table 2) .
Characterization of the ts mutations rescued from ts6, tsllO, and tsll8. As a control to establish that the mutations mapped and defined here were the ones responsible for the phenotypes described previously for these mutations, and in order to establish the phenotype of these mutations in a uniform background, recombinant viruses containing a defined region from each of the ts mutants in a TotollOl background were studied. Monolayers were transfected with dilutions of RNA transcribed from recombinant plasmids Toto:ts6C2, Toto:tsllOC2, Toto:tsll8Bl, Toto:tsll8C, Tables 2 and 3 . The virus stocks derived from these infectious transcripts clearly showed the temperature sensitivity of the parental mutant in the case of ts6 and tsllO, and the efficiency of plaque formation at 40°C relative to that at 30°C was low (Table 3 ) (the relatively high apparent reversion rate of ts6 is due to use of a stock that had not been recently plaque purified; during passage, revertants are amplified in most ts mutant stocks). However, as noted earlier, the virus recovered from Toto:tsll8Bl formed minute plaques at 40°C, and the number of PFU was only slightly reduced ( Table 2 ). The amino acid change of Val to Ala in nsP2 is thus responsible for the minute-plaque phenotype at the nonpermissive temperature but not for the reduced number of plaques. The mutation in nsP4 (construct Toto:tsll8C) had little effect on its own, but in combination with the nsP2 change (constructs Toto:tsll8BC and Toto:tsll8BC*) it led to a pronounced decrease in the efficiency of plaque formation at 40°C (Table 2) .
To examine these viruses further, RNA synthesis was analyzed after infection at 30°C, after infection at 40°C, and at 40°C following a shift from 30°C. The parental mutants ts6, tsllO, and tsll8 were included, as was virus recovered from clone TotollO1. Total viral RNA synthesis was analyzed by the cytoplasmic hybridization method of White and Bancroft (37) using 32P-labeled minus-strand RNA transcribed from the structural protein region as a probe. The values determined, relative to those for TotollO1 virus, are shown in Tables 2 and 3 . The synthesis of minus-strand RNA was significantly less than that of plus-strand RNA, and therefore the amount of plus-strand RNA detected by hybridization was assumed to be the total viral RNA. Following infection at 40°C, RNA synthesis by the viruses recovered from Toto:ts6C2 and Toto:tsllOC2 was reduced to a level similar to that seen after infection by their respective parents. However, the virus recovered from Toto:tsll8Bl showed a higher level of RNA synthesis than the parental tsll8 at the nonpermissive temperature (Table 2) . This is consistent with the observation that the mutation in nsP2 gives rise to minute plaques at 40°C but does not reduce plaquing efficiency. RNA synthesis by virus from Toto:tsll8C, containing only the change in nsP4, was only slightly reduced at 40°C relative to that by TotollO1 virus and was the same as that by tsll8R. However, RNA synthesis by the double mutants Toto:tsll8BC and Toto:tsll8BC* at 40°C was low and identical to that of the parental tsll8, and thus the nsP4 mutation at position 93 markedly reduced RNA synthesis at the nonpermissive temperature when it was combined with the nsP2 change. The mutants and the constructs were also tested for RNA synthesis after establishing infection at 30°C and shifting to 40°C, for comparison with the results of Keranen and Kaariainen (14) and Sawicki et al. (26) for ts6 (see also reference 2). ts6 makes very little RNA after a shift to 40°C, as found by Sawicki et al. (26) , and the virus recovered from Toto:ts6C2 exhibited the same phenotype (Table 3) . tsllO also made little RNA after a shift to 40°C, as did Toto: tsllOC2 (Table 3) . From a more detailed study of the kinetics of cessation of RNA synthesis in ts6-infected cells after a shift up (14, 26) , and from studies of ts6 replication complexes in vitro (2), it was concluded that the elongation of RNA chains, as opposed to initiation, was ts in ts6, and it was postulated that the F group function, here shown to lie in nsP4, defined the RNA polymerase. The tsll8 constructs such as Toto:tsll8BC made significant amounts of RNA after a shift, much more RNA than when infection and incubation were done at 40°C continuously (Table 2) . Thus, the replicase complexes of tsll8, once formed at 30°C, are active after a shift to 40°C, in contrast to those specified by tsllO and ts6.
It is worth noting that the assay used for these shift experiments examines total virus plus-strand RNA in the infected cells at 8 h p.i. after a shift at 3.5 h. 
A:tsll8 studies of replication complexes isolated from ts6-infected cells and concluded that such transcription complexes were ts in elongation. In contrast, other mutants examined retain activity at 40°C if replication complexes are formed first at 30°C (14) . These results, together with the results presented here, suggest that nsP4 is an RNA polymerase or the elongation component of the alphavirus replicase. In this regard, it is of considerable interest that nsP4 contains the Gly-Asp-Asp sequence and surrounding hydrophobic amino acids that have been found to be present in the replicase proteins of several other RNA viruses (13, 23) .
The mutations in ts6, tsllO, and tsll8 are shown in Fig. 3 , in which the sequences of up to five alphaviruses are compared in the regions affected. It is readily evident that the glycines affected in nsP4 of ts6 and tsllO are conserved in all alphaviruses sequenced to date and that each is found within a long stretch of highly conserved amino acids. In view of this conservation in sequence, it is evident that changes in the sequence, such as in ts6 and tsllO, might affect function. The nsP4 polypeptide is composed of 610 amino acids and is on average 71 to 74% conserved among alphaviruses which have been examined (31) . However, this conservation is not uniform throughout the protein; amino acids 1 to 125 from the N terminus (including the location of the change in tsll8) are less highly conserved, as are amino J. VIROL. acids 550 to 604 near the C terminus. The canonical sequence Gly-Asp-Asp, flanked by hydrophobic amino acids, is found at residues 464 to 466. This sequence, which has been found in a number of RNA-dependent RNA replicases (13; see also discussion in reference 23), is well separated (on the linear sequence) from either the ts6 or tsllO lesion.
The change of Val to Ala in nsP2 of tsll8 is found in a domain that is well conserved among alphaviruses, although conservation is not absolute. In particular, the Val affected in ts118 is not totally conserved, being replaced by Thr in O'Nyong-nyong virus. The Gln to Arg change in nsP4 of ts118 affects an amino acid in a domain that is not conserved (Fig. 3) . The Gln is replaced by Gly, Glu, Pro, or Asp in different alphaviruses. Thus, the failure of this change to have much effect by itself is perhaps not surprising. The pronounced effect of this substitution in combination with the change in nsP2 suggests that nsP2 and nsP4 may interact to form a functional complex, although other explanations for such a synergistic effect are possible.
In Sindbis virus, translation of nsP4 requires readthrough of an opal termination codon so that nsP4 is underproduced relative to nsPl, nsP2, and nsP3 (11, 16, 32) . The active form of nsP4 may be the polypeptide nsP34, which accumulates during Sindbis virus infection, whereas little or no nsP4 is detected. The finding that nsP4 may be the viral RNA polymerase, based on results with complementation group F mutants and the presence of motifs within this protein that are shared with other RNA polymerases of animal viruses (13) , is then reminiscent of the control of virus replicases in other systems in which readthrough of a termination codon is required to produce the polymerase. In tobacco mosaic virus, readthrough of an amber codon is required (9, 21) , and the readthrough portion of the protein is homologous to that of the Sindbis virus protein (12) . Similarly, in the retroviruses, translation of the reverse transcriptase requires readthrough of an amber codon or frame shifting to eliminate an amber codon (25, 27, 28) . We presume that regulation of the amount of RNA polymerase produced is important during the viral life cycle. As has been pointed out, however, Semliki Forest virus and O'Nyong-nyong virus lack this termination codon (31, 36) , and regulation of the activity of the polymerase seems to be different for these alphaviruses.
